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Abstract 
In this paper an overview of the legal situation of glare from sunlight reflected at solar installations is given with emphasis on the 
German speaking countries. Furthermore, measurements of the reflection properties of different glass types, and other materials 
used in the building envelope are presented. The bidirectional reflectance distribution function (BRDF) is used to characterize the 
different materials and to quantify their potential of creating discomfort glare from reflected sunlight. 
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1. Introduction and background 
Glare from solar installations has led to various neighbourhood disputes, which sometimes even ended in court. 
There is no widely accepted method for the quantification of this effect and the legal practice is non-uniform and 
sometimes even contradictory. Existing approaches for the quantification of glare from sunlight reflected at solar 
installations are based on the duration of the appearance of glare (acceptable if shorter than 30 min for less than 30 
hours per annum [1]. A specular reflecting surface is usually considered for the determination of this glare time. 
Glare can be avoided by strongly diffusing surfaces. For example; white plastering has strongly diffusing properties 
and rarely causes discomfort glare, even though it has a total hemispherical reflectivity which is ten times higher 
than a typical glass.  This example shows, that the diffusing property of a material should be taken into account as a 
main parameter for the evaluation of its risk for discomfort glare.  
1.1. Legal situation 
There are two main fields where legal problems in relation with glare of solar installations are common: 
Neighbors feeling disturbed by reflections and traffic safety. In the building sector several European countries and 
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regions have defined specific regulations related with glare, usually based on very general environmental acts ([2], 
[3]). Glare is considered as an immission in the same sense as noise, odor nuisance, vibrations, etc. There are 
however major differences between different countries concerning the rating of these immission. Usually it is 
accepted that living in a modern world includes some disturbances by technical installations such as glare caused by 
a window. The reference is hence an average person living in an average environment. As an example: In the 
German BGB [4] it is therefore defined that the immissions caused by technical installations made at a state-of-the-
art level have to be borne by a neighbour. Of course the situation is different in industrial zones and in special zones 
such as hospital areas. In other countries such as Switzerland, inconvenient immissions are already assumed if a 
child, an elder or handicapped person is disturbed. The assumed acceptance limit given by the immission law may 
therefore be much lower. In all these laws it is very clear that once an immission is considered as an inacceptable 
nuisance, it has to be avoided by the emitter, hence by the owner of the solar installation. However, there is no clear 
implementation of these generic laws available when it comes to glint and glare. As a compromise it is usually 
stated in many local building codes in a rather general approach that solar installations have to be made using low-
reflecting devices - without further specification of the term low-reflecting ([5]). Probably the clearest definition of 
the limits are given in the German Lichtleitlinie [1] where the solar device is virtually replaced by a perfect mirror 
and solar irradiation by a beam. A disturbance is then basically given if the reflected beam hits a neighbour for more 
than 30 minutes per day or more than 30h per annum. Although this approach is probably oversimplifying some 
situations, it offers at least very clear and reproducible results. 
A similar situation is found in traffic safety where several countries have special regulations for solar installations 
especially in the vicinity of airports. Probably the most elaborated regulation is the FAA Technical Guidance for 
Evaluating Selected Solar Technologies on Airports [6] where rather detailed information and instructions are given. 
When it comes to the rating of glare concerning air traffic the information is not very clear anymore and a general 
expertise is required in any case where a solar field is to be installed close to an airport.  
These legal acts and recommendations are all based on assessing and reducing reflection on the front side of the 
solar devices. As simple reflection is not directly linked to glare, this approach is misleading and will not result in a 
reduction of legal cases. More detailed definitions are required including a consideration of the surface properties, 
size of the installation and distance to the observer. Furthermore it is important to consider solar installations as 
mandatory part of building such as a windows, metal sheets or tiles which are possibly causing glare as much as 
solar devices. 
1.2. Glare definitions 
Visual comfort of a human observer depends on multiple different parameters. Considered as most important are 
the total amount of light, the distribution of light in the visual field as well as the adaptation state of the observer’s 
eye. In order to quantify the degree of visual comfort or discomfort for different lighting situations, various different 
indices have emerged based on experiments with humans. An extensive review can be found in [7].  However, most 
of the indices address to describe the visual comfort in the presence of artificial and natural lighting coming from 
different sources in an architectural setting. Those indices usually rely on a defined line of sight and weight the 
sources according to their position in the visual field.  
 
Daylight glare probability 
A widely used example of such a visual comfort index is the daylight glare probability [8]. 
 
ܦܩܲ ൌ ͷǤͺ͹ ൈ ͳͲିହܧ௩ ൅ ͻǤͳͺ ൈ ͳͲିଶ  ൭ͳ ൅෍
ܮ௦ǡ௜ଶ ߱௦ǡ௜
ܧ௩ଵǤ଼଻ ௜ܲଶ௜
൱  (1) 
The used parameters are: 
x The vertical illuminance ܧ௩ at eye-level (lux) 
x The luminance ܮ௦ǡ௜ of the i-th glare source (ܿ݀Ȁ݉ଶሻ 
x The solid angle ߱௦ǡ௜subtended by the i-th glare source (sr) 
x The Guth’s position index ௜ܲ of the i-th source in the visual field 
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The resulting Daylight Glare Probability value (DGP) ranges from 0 to 1 indicating the percentage of people who 
experience glare in the given situation. While this index is designed to deal with multiple uniform glare sources, the 
requirement for this work is to include the effect of a large light source with a highly non uniform luminance such as 
a solar collector with a structured glass. For this purpose, each solid angle element of the measured BRDFwas 
considered to be a single object in the sum in the last term of Equation (1), while the effect of the Guth’s position 
effect was neglected assuming that the observer has the light emitting surface in the center of the visual field. 
 
DeBoer rating by ASSIST 
The alliance for solid-state illumination systems and technologies ASSIST recommended a different index to 
quantify the glare of a light emitting source [9]. This discomfort glare index is more suitable for the classification of 
glare caused by solar installations. This index accounts for the distribution of the source illuminance by including 
both the total illuminance ܧ௅(lux) of the source as well as the maximum luminance ܮ௅(cd/m2). It is defined by 
 ܦܩ ൌ ሺܧ௅ ൅ ܧ௦ሻ ൅ ͲǤ͸  ൬
ܧ௅
ܧ௦
൰ െ ͲǤͷ ሺܧ஺ሻ  (2) 
 ܦܤ ൌ ͸Ǥ͸ െ ͸ǤͶ ܦܩ ൅ ͳǤͶ  ቆ
ͷͲԢͲͲͲ
ܮ௅
ቇ (3) 
The additional parameters are the illuminance coming from the surrounding of the source ܧ௦  (lux) and the 
ambient illuminance ܧ஺ (lux). The resulting Index value DB has the following interpretations: 
 
1 Unbearable 
2  
3 Disturbing 
4  
5 Just permissible 
6  
7 Satisfactory 
8  
9 Just noticeable 
 
 
Retinal burn rating 
If a high amount of irradiance is absorbed by the retina in the eye, the observer experiences a temporary flash 
blindness on the affected area of the visual field or, in the worst case, a permanent eye damage. Detailed 
experiments have been done with rabbits in order to determine the maximal intensity that is still safe for an eye [10]. 
This approach was adapted for applications with concentrating solar installations [11]. In order to develop a safety 
measure for illuminance to the eye, the retinal irradiance ܧ௥ is computed from the irradiance at the entrance of the 
eyeܧ௖. 
 ܧ௥ ൌ ܧ௖ ቆ
݀௣
ଶ
݂ଶ߱ଶ
ቇ ߬ (4) 
The parameters describing the physical properties of the eye are the pupil diameter݀௣, the focal length of the eye 
߱ and the blink response time ߬. For this retinal irradiance there exist different safety measures. Permanent eye 
damage is not possible with normal blink response times of <~0.5 s and without concentrating optics. Therefore, the 
important measure for this work is the threshold for flash blindness which can be expressed as follows: 
 ܧ௥ǡ௙௟௔௦௛ ൌ
͵Ǥͷͻ ൈ ͳͲିହ
߱ଵǤ଻଻
 (5) 
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1.3. Evaluation of glare from solar installations 
Photovolatic modules or solar thermal panels are usually covered by glass, which reflects the incident sun light 
by an extent of about 1.5% (antireflective coating) to 9% (standard Glass in solar thermal panels). The surface of 
glass can be very smooth and thus reflect the sunlight in a specular way. For this reason, solar installations can be a 
source of glare of reflected sunlight despite of the low hemispherical reflectance. The occurrence of a discomfort 
glare strongly depends on the geographical situation, the orientation of the solar installation and the position of the 
observer.  Two different research groups introduced computer software to quantify and visualize glare situations for 
a specific situation. One of these tools has been developed by Fraunhofer FIT specially designed for airport 
situations [12]. This software is based on the approach of the “Lichtleitlinie” [1] modeling the solar installations as 
perfectly specular.  Another tool was developed by the Sandia National Laboratories and is freely available[13]. 
This tool uses an interface with google maps in order to implement specific geographic situations. The reflection is 
not any more modeled as perfectly specular, but as a circular spot with a certain extension and a homogeneous 
distribution within the spot. Retinal burn rating is used for the evaluation of glare. Both tools are well adapted to 
record and analyze individual geographic situations, the distribution of the reflected sunlight is in both cases 
strongly simplified. 
2. Method 
2.1. Measurement of reflection distribution 
An imaging sphere from Radiant Zemax was used to characterize the reflectance distribution function of different 
materials. This instrument permits to measure the bidirectional reflectance distribution function (BRDF) of a 
material efficiently. The measurement is based on a CCD camera, which observes the entire inner surface of a half-
hemisphere via a convex mirror (see Figure 1). The sample is placed in the middle of a flat non-reflecting base plate 
attached opposite to the hemisphere. It is illuminated by a beam source from inside the sphere at a certain angle and 
reflects the immerging light to the hemisphere.  All information’s necessary to reconstruct the entire angular 
intensity profile of the reflection can thus be collected by the CCD camera at once. In order to get the BRDF several 
images have to be taken at different incident angles.  
The BRDF of 44 samples of different materials from the building envelope such as different glass types, tiles, 
wood stone, concrete and metallic sheets have been measured. The incident angle ߠ௜ was varied from 0° to 80° with 
a resolution of 10°. Symmetry effects where utilized to avoid extensive variation of the orientation ߶௜, depending on 
the symmetry one to three orientations where measured. 
 
 
Fig. 1 Measurement principle of an imaging sphere (source Radiant Zemax). 
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2.2. Evaluation 
The luminance distribution ܮ௥ሺߠ௥ǡ ߶௥ሻ of a surface describes the amount of the luminous density per area emitted 
in a certain direction in space. It is defined by the BRDF and the radiation incident to the surface. Starting from the 
definition of the BRDF it can be shown that the reflective luminance is calculated by integrating over all incident 
angles. 
 
ܮ௥ሺߠ௥ǡ ߶௥ሻ ൌ න න ܤܴܦܨሺߠ௜ǡ ߶௜Ǣ ߠ௥ǡ ߶௥ሻܮ௜ሺߠ௜ǡ ߶௜ሻ  ߠ௜  ߠ௜ ݀ߠ௜݀߶௜
గ
ଶൗ
଴
ଶగ
଴
 (6) 
In general, ߠ௜ǡ ߶௜ and ߠ௥ǡ ߶௥ are the incoming and reflecting angles, respectively, while ܮ௜ሺߠ௜ǡ ߶௜ሻdenotes the 
angular distribution of the incident illumination. According to the goal of this work - to quantify the reflection of 
sunlight of different surfaces – a Dirac-delta approximation of the sun was used as incident illumination assuming 
that the light coming from the sun is approximately parallel. This makes it possible to simplify Equation (3) 
significantly. 
 ܮ௥ሺߠ௥ǡ ߶௥ሻ ൌ ܤܴܦܨሺߠ௦௢௟ǡ ߶௦௢௟Ǣ ߠ௥ǡ ߶௥ሻܮ௦௢௟ȳ௦௢௟  ߠ௦௢௟ (7) 
 
From this experimental luminance function, the total illuminance coming from the surface to an arbitrary 
observer point can be computed by taking the sum over the solid angle under which the surface is seen. 
 
ܧ࢞ ൌ ෍ ܮ௥ሺߠ௥ǡ ߶௥ሻ
ఏೝǡథೝאஐೣ
 ߠ௥  ߠ௥ ȟߠ௥ȟ߶௥ 
ൌ ෍ ܤܴܦܨሺߠ௦௢௟ǡ ߶௦௢௟Ǣ ߠ௥ǡ ߶௥ሻܮ௦௢௟ȳ௦௢௟  ߠ௦௢௟  ߠ௥  ߠ௥ ȟߠ௥ȟ߶௥
ఏೝǡథೝאஐೣ
 
(8) 
By using the luminance of the material given by Equation (4) as well as the total illuminance from Equation (6) it 
is possible to determine the values of the different glare indices presented in Section 1.2. The data evaluation was 
done in Matlab. The values for incident angles were interpolated from the measured samples using a bilinear 
interpolation algorithm. 
3. Results 
The reflectance distribution was measured for 44 materials. A selection is given in Table 1. For three samples (a 
flat glass, a slightly structured glass and a glass with a pyramidal surface structure) the reflectance distribution under 
an illumination angle of 20° is illustrated in Figure 1. The visual appearance of the same three glass types can be 
seen in the photographic picture in Figure 2. Even though the appearance in a photograph strongly depends on 
shutter speed and f-number it represents a situation where the first two glasses result in discomfort glare and the 
latter does not. This impression can be confirmed by applying the method described in chapter 2.2. There are 
various situations where the flat and the slightly structured glasses result in discomfort glare, while the intensity of 
the diffusely reflected sunlight from the pyramidal surface is below the discomfort level. However, if the observer is 
close to the reflecting surface, also the latter can cause discomfort glare which, of course, is strongly dependent on 
the individual situation.  
The minimal distances for which the different glare indices drop below the defined thresholds are presented in 
Table 1. This intensity drop does not depend on the absolute distance D of the observer, but on its relation to the 
extent of the reflecting surface D/d. In addition, the minimal distance relation for which the ASSIST index indicates 
glare for less than 30 minutes is given. The evaluation was done for a 21. June at Greenwich. The collector was set 
south oriented with a slope of 58.9° such that the unscattered reflection is parallel to the ground on midday. The 
results confirm that scattering surfaces allow the observer to move closer to the surface without experiencing glare. 
If the surface is specular (e.g. flat glass, black enameled tile) the duration of glare is given by the time an image of 
the sun is seen on the collector. The theoretical distance relation with less than 30 minutes glare is D/d=8 for 
perfectly specular surfaces. Due the limited accuracy of the Imaging Sphere measurements the distances for highly 
specular samples are slightly above this theoretical value.  
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By comparing the values of the different glare indices, it can be seen that they all have the same overall 
behaviour. While the qualitative influence of the physical properties are represented correctly by all the indices, the 
exact values have a strong dependence on the defined ambient conditions. Because of this and since the available 
indices are originally defined for other applications such as uniform glare sources, indoor lightening or artificial 
lightening, their use in combination with non-uniform reflective surfaces in daylight conditions will be affected by 
uncertainties. For instance the elevated values for flash blindness of white plastering and wood would suggest that 
flash blindness is permanently present in urban environment during a sunny day. This indicates that the chosen 
assumptions are not sufficiently adapted for the present analysis.  
 
 
 
Fig. 2 Measured reflectance distribution function at an incident angle of 20° for three different glass types left:  flat float glass, middle:  rolled 
glass with a slightly structured surface, right:  rolled glass with macroscopic pyramidal structure. 
 
 
Fig. 3 photographic picture of the sun reflectedby three different glass types. left:  flat float glass, middle:  rolled glass with a slightly structured 
surface, right:  rolled glass with macroscopic pyramidal structure. 
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Table 1 comparison of different materials. The total hemispherical reflectivity is compared to the critical distances, for which the glare intensity 
drops below the discomfort level or it’s duration is shorter than 30 min. This is done with three different glare indicators and a situation where 
glare occurs on midday.  
Material Hemispherical 
reflectance  
Intensity below 
ASSIST glare 
ASSIST glare 
below 30 minutes 
Intensity below 
DGP limit 
Intensity below 
flash blindness 
 [%] D/d [-] D/d [-] D/d [-] D/d [-] 
Glass flat (theoretical) 8.9 >100 8 >100 >100 
Glass slight structure 8.3 22 17 >100 >100 
Glass pyramidal structure 7.9 4 4 7 11 
Glass AR & slight structure 2.6 5 4 11 32 
Tile used 8.2 1 1 2 1 
Tile  black enameled 5.1 13 11 41 74 
Concrete 33.6 3 3 5 1 
Granit polished 24.6 30 12 70 74 
Plastering white 78.3 5 5 9 27 
Wood (pine) 39.8 4 4 7 11 
Steel exposed 59.9 97 42 >100 >100 
Aluminum exposed 67.7 97 97 >100 >100 
4. Conclusions 
Glare from reflected sunlight can be caused by different materials of the building envelop. The probability of 
causing glare is mainly dependent on the directional distribution of the reflected light. The total or hemispherical 
reflectance is less important. The occurrence of discomfort glare is dependent on the individual geographic situation 
and from the assumptions when calculating a glare indicator. However, some general conclusion or limits can be 
given from the measurements and evaluation of different materials independently from the individual setup: 
x Discomfort glare from reflected sunlight can be induced by various material commonly used at the 
building envelop. 
x Specular materials can result in discomfort glare, even at long distance of the observer. When the 
distance of the observer is longer then about eight times the extent of the reflecting surface it drops 
below 30 minutes and can be considered as acceptable. 
x For highly diffuse materials, the intensity of the reflected light drops with the distance of the observer. It 
drops below discomfort level at a distance relative to the extent of the surface (D/d) of about 1 for used 
tiles, 3..5 for structured glass, concrete, plaster and wood in the case of the ASSIST index and up to 27 
for white plaster evaluated by retinal burn rating. 
x For slightly diffusing materials such as glass with fine structures or some metallic surfaces the distance 
where the intensity drops is elevated compared to highly diffuse materials. Because of the diffusing 
effect, the duration of discomfort glare is slightly prolonged compared to specular materials. Therefore, 
slightly diffusing materials have the highest potential to cause discomfort glare. 
By changing the cover glass of solar installations (photovoltaic modules or thermal collectors) their glare 
properties can be influenced. Glasses with strong structured surfaces have proven to be most favorable. Their 
diffusing effect is more effective than antireflective coatings. On the contrary, pronounced structures lead to relevant 
performance losses in the case of solar thermal collectors because of their low incident angle modifier [14]. In case 
of PV modules no performance loss will be induced if strong structured glasse is used as a cover [15]. 
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